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ABSTRACT

A body of detailed stress and strain distributions in the
vicinity of interference fit fasteners has been analytically
obtained and is presented. These data, obtained on simple
installations, present trends which may be used by designers in
determining how or whether to use interference fit fasteners.

The analysis was performed with a finite element digital
procedure which has the nonlinear constitutive behavior programmed
and interrelates internal loading and deformations. Preparations
for the analysis of thirty six conditions included analyzing a
test article for which good correlations are shown.

Stress and strain distributions are presented for conditions
which include two fastener hole sizes, two levels of interference
fit, three plate materials (steel, titanium and aluminum) and
three levels of uniaxial loading.

The results indicate that the radial strains in that part
of the plate which is strained beyond the yield point are
sensitive to the value of plastic modulus of the material. Also,
the fastener diameters may be any size provided that the insertion
is adjusted accordingly.
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SECTION I

INTRODUCTION

The use of interference fit fasteners in airplane con-
struction extends back prior to World War II days when tapered
pins were used in push-pull tubes. In the early 1960 time
frame, their use was incorporated into numerous types of joints
on several aircraft types. As in-service experience was accumu-
lated and the benefits to be gained were experimentally verified,
their usage rate grew until the present where virtually all large
aircraft manufactured in this country and abroad incorporate
interference fit fasteners. As an example, the F-1lll uses
approximately 8500 per ship in sizes up to one-half inch
diameter and the C-5A uses approximately 700,000 in sizes up to
seven sixteenths inch diameter. Available documentation indi-
cates the Concorde uses in excess of 100,000 in sizes up to
one-half inch,

The benefits for ductile joint materials is primarily
extension of fatigue life. Emphasis is placed on ductile
because if the material is brittle, the prestress due to the
interference fit can cause failure. Other benefits include a
more uniform distribution of stress throughout the joint and
elimination of fastener free play. The disadvantages include
increased costs of hole preparation and quality control.

The increase in use of interference fit fasteners is due
nearly entirely to confidence in the application generated by
empirical evidence and not to any appreciable extent to
analytical considerations. The lag of analytical treatment
behind experimental data is due to the complexity of the basic
load deflection interactions and to the fact that effective
interference fits strain the joint material into the inelastic
range.

The purpose of this report is to help fill the analysis
void by presenting a body of data for interference fit fasteners
analytically obtained. The data consists of stress and strain
distributions in a plate in the vicinity of a fastener. In the
analysis, no load is reacted through the joint and the plate is
large enough (five by eight inches, 0.10 inch thick with the
hole centered) that it may be considered infinite for all
practical purposes.



Thirty-six conditions have been analyzed. These consist of
using three materials for the plate (while holding the fastener
material constant), two hole sizes, two levels of interference
and three static loads on the plate. The plate materials were
aluminum (2024-T851), titanium (annealed 6A1-4V) and steel (D6ac
heat treated to 220-240 psi). The fastener material was 5 Cr-
Mo-V steel. Hole sizes were one-fourth (1/4) and three-eights
(3/8) inch diameters. The load conditions were interference fit
only, interference fit plus an applied uniaxial load resulting
in a gross area stress of thirty-five percent of yield and inter-
ference fit plus an applied uniaxial load resulting in a gross
area stress of seventy percent of yield. (An exception occurred
with the titanium plate with the lower level of interference
because the plate separated from the bolt when the seventy per-
cent uniaxial load was applied. Hence, the load was reduced to
fifty percent to avoid separation.) The two levels of inter-
ference were such that if the bolt did not deform and all the
deformation occurred in the plate, the tangential strains at the
hole interface would have been 0,010 and 0,020 inch per inch.
Because the bolt does deform, the plate strains were somewhat
less. However, it will be shown by the data that most of the
total deformation occurs in the plate.

The analysis methods used are briefly discussed in
Section II. These methods have been applied to a test specimen
on which test results were available and the analyses/test
results are compared in Section III. Section IV contains details
of the production conditions and Section V contains conclusions
and recommendations. The body of analysis results is presented
in the Appendices I, II and III for the aluminum,titanium and
steel plates, respectively. Each appendix contains 176 figures.
Because of this large quantity, they are not included in the list
of figures, Instead, figure indexes are supplied on foldouts
following the appendices. It is believed these indices will be
more convenient for the reader interested in details, since
otherwise approximately 50 pages would have been required just to
list the figures.



SECTION II

ANALYSIS METHOD

An automated finite element digital procedure has been used
to perform the analysis reported herein. Thie section only
summarizes the method since it is presented in rererence 4
However, a finite element has been added to those available so
it is discussed and the technique used to obtain the interfer-
ence using finite elements is presented.

The nonlinear constitutive behavior, a dominant feature of
the interference fit fastener systems, is a basic part of the
input data. This nonlinear behavior is programmed into each
element so that the element stiffness is a function of the state
of strain and the load-deflection relationship is nonlinear and
interdependent. Proportional loading is used in the subject
method, consistent with its contemporaries, and the accuracy of
the results is controllable by using more load increments at
the expense of more computations.

The primary difference in this procedure and its contem-
poraries is that the latter usually solve linear equations for
each load increment (piecewise linear approach), modifying the
element stiffnesses after each step. The subject procedure casts
the equations in differential form and integrates numerically for

each load increment. The equations are of first order and are non-
linear and ordinary. The fourth order Range-Kutta scheme with Simpson

rule coefficients is used for integration to obtain deflections.

For the biaxially stressed element, the concept of isotropic
hardening and a generalized stress are used to evaluate an
effective modulus and Poisson's ratio, which vary continuously
from their initial values during elastic straining action to
their asymptotic values during intense plastic straining action.
The surface of plasticity for the element closely approximates
the von Mises surface when the generalized stress is set equal
to the von Mises stress and the strain distribution is essentially
identical to that obtained by the Prandtl-Reuss incremental flow
theory.

The principle finite element used for the analysis reported
herein was a quadrilateral membrane composed of four constant
stress (linear deformation) type triangular elements. The four
triangles are assembled as indicated in Figure 11-1 to form the
quadrilateral. The displacement degrees of freedom for the
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The element stress of each of the four constant stress
triangles is calculated and then averaged to obtain the quad
plate element stress.

Figure II-1 Quadrilateral Membrane Finite Element
from an Assembly of Four Triangular Elements



center grid are automatically eliminated from the stiffness
matrix for the quadrilateral element before it is added to the
structure matrix.

After calculating deflections for each load increment, the
element strains are easily obtained. Secant properties are then
used to calculate element stresses. Quadrilateral element
stresses are obtained by averaging the four triangular element
stresses.

In applying finite elements to the analysis of interference
fit fastener systems, a problem arises in appropriately repre-
senting the interference. Prestress or predeformations cannot
be used. The former cannot be used because the distribution of
interference between the plate and bolt is unknown before the
analysis is performed. The latter cannot be used because the
bolt and plate must be allowed to deform as the plate is loaded
uniaxially.

This problem has been overcome by replacing the bolt with
an internally pressurized ring. The elastic stiffness of the
ring was adjusted to be the same as the bolt which it replaced.
Under the action of uniaxial 1load the plate hole tends to
become oval but the bolt inside the hole tends to keep it
round. Replacing the bolt with the ring allows the bolt effects
on the plate to be retained while also allowing the ring to be
pressurized internally to produce the desired interference.

This analysis predicts the effects of the bolt on the plate (not
the plate on the bolt). Hence, this approximation is considered
satisfactory.

The relationship used for the cylinder modulus was
2

E = E a2 + r -V (1I1-1)
(1-27)(1+7) r2 - a2

where E is the bolt modulus
7V is Poisson's ratio
a is the inner cylinder radius
r is the hole radius

Equation II-1 was derived by considering the bolt as being
approximated by a solid disk in plain strain. The elastic
stiffness of this disk is presented in reference 2, page 282.

The stiffness of a ring in plain stress is presented in reference
3, page 57. The solid disk stiffness and ring stiffness were
set equal to produce the results in equation II-1 above.
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The pressure inside the ring, required to produce the
desired interference, is

P=r2_.a2 E § (1I-2)
Zazr

where U is the desired radial interference. This expression was
also obtained from reference 3, page 56.



SECTION III

ANALYSIS CREDIBILITY

At the initiation of the analysis task, a test program had
made available a small amount of data consisting of strains in
a round plate with an interference fit fastener in the center.
Therefore, this test specimen became the subject of a finite
element analysis as a first step in determining the required
grid density and value of other parameters necessary to yield
engineering accuracy.

The test specimen consisted of a round plate eight inches
in diameter with a three-eighth inch hole in the center., The
plate was 0.25 inch thick and fabricated from Dbac steel heat
treated to 220/240 ksi. Two finite element patterns (Figures
III-1 and III-2) were used for analysis. Advantage was taken
of the symmetry conditions and only one quadrant was represented;
hence, the tangential deformations along each radial edge were
constrained. Note that in both idealizations (one element per
15 degrees, Figure III-1 and one element per 10 degrees, Figure
I1I-2) there are two bands of finite elements inside the hole.
These two bands represent the ring replacing the steel fastener
as discussed in Section II. Pressure was applied as mechanical
loads at the inside grid ring inside the bolt and caused the bolt
to expand which stressed the plate.

For a trial condition, an interference fit consisting of 0.35
inch bolt insertion was used for both idealizations and analysis
was performed. For the integration, four load increments (50,
75, 90 and 100 percent) were used in order to insure accuracy.
The value of plastic modulus was very small, being 30,000 psi.
The resulting bolt hole radial deformation was the same for both
idealizations, being 0.00320 inch. Since the total radial
interference was 0.00365 inch, approximately 88 percent of the
total was absorbed by the plate. This corresponds to 67 percent
for the elastic case which may be obtained analytically from
the expressions on pages 57 and 58 of reference 3.

The results of using both element patterns are presented
in Table III-1. Any differences in the two are insignificant.
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Figure ITI-1 Idealization of Test Specimen with
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Next, the two inside bands of elements in the plate,
adjacent to the hole, were replaced with four bands in both
the 10 and 15 degree grid patterns. This refined the grid
pattern in and adjacent to the plastic zone. The same four
load increments and plastic modulus were used as before,
Again, the results were the same for both the 10 and 15 degree
simulations and the radial deformation was insignificantly lower,
being 0.00319 inches. The radial and tangential strains result-
ing from the coarse and refined grids are plotted for comparison
in Figure III-3. It will be noted that the plate strains in the
plastic zone resulting from the refined grid are slightly lower
than those from the coarse grid. Using the radius and radial
deformation the tangential strain at the edge of the hole may be
calculated as 0.0171 inch per inch. This point may be added to
Figure III-3 and either set of finite element calculated tangen-
tial strains extrapolated to it. (This has not been done in the
subject illustration.)

Since the 15 degree grid pattern was as accurate as the
10 degree pattern and yet was more economical to compute, the
10 degree pattern was discarded at this point.

Two parameters were then explored consisting of the number
of load increments and the non-linear stress-strain curve
relationship as defined analytically. In addition to the four
load increments, previously defined, six increments (60, 75, 85,
90, 95 and 100 percent) were used. The use of six increments
did not change the results. This implied that perhaps one
increment (100 percent) would also produce accurate answers and
be computationally more economical. One load increment was then
used and the same results were obtained as for the cases using
four and six. Hence, one load increment was used for all sub-
sequent conditions including the production conditions.

The non-linear stress-strain curve is defined analytically
through use of a parameter n (Reference 1). 1Its effect, and
correlation with the material characteristics, is illustrated
in Figure III-4. As may be seen from the figure, the higher
values of n correlate more closely with the material charac-
teristics. However, it was discovered that using values above
five would cause some slight unbalances to occur across those
finite elements which occupy the plastic zone surrounding the
hole. Using a value of ten caused an unbalance in the radial
direction of approximately three percent of the applied load.
(Equilibrium was satisfied in the tangential direction.)

11
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Since computation was being performed in single precision
on an IBM system, a temporary change to double precision was
made. The same unbalances were obtained in double precision for
the higher values of n. (These unbalances are now attributed to
the sharpness of the '"corner' of the stress-strain curve.)

Because equilibrium was satisfied when a value of five was
used and no strains were expected in the vicinity of the ''corner',
the value of five for n was selected and used for all subsequent
analysis. Double precision was used for a small number of pro-
duction conditions until the change could be made to single
precision in which most of the production analyses were performed.

Two test conditions were then selected for analysis; a bolt
insertion of 0.45 and 0.30 inches, because these corresponded
rather closely with the parameters to be used in the production
cases. The testing, on the eight inch diameter plate previously
discussed, had been performed using strain gages and also using
grid lines. The strain gages had been installed along 90 degree
radial lines, with two rows for tangential strains 90 degrees
apart and two rows for radial strains also 90 degrees apart.

In the grid line method, a copper strip was plated on the disc
and scribed. Only radial deformations are measured using grid
lines and tangential strains are then calculated by dividing by
the radial distance.

The experimental tangential strains resulting from a bolt
insertion of 0.45 inch are shown in Figure III-5. Three finite
element analysis results are superimposed for comparison. The
first analysis results were obtained by analytically calculating
the pressure as indicated in Section II. This resulted in a
plate radial deformation of 0.00414 inches or about 88 percent
of the total. The grid line test had indicated that the radial
deformation was only 0.00350 inches. Because of this, the bolt
pressure was linearly reduced with the results that the calcu-
lated radial deformation was 0,00367 inches. For both these
analyses conditions, 3 x 106 was used for the value of plastic
modulus. In order to determine the effects of the plastic
modulus and also because no good definition of plastic modulus
could be found for D6ac steel, a third computation was made
using 6 x 106, This resulted in a calculated plate hole radial
deformation of 0.00356 inches. These three analyses results are
shown in Figure III-5.

14
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Test results obtained from strain gages for both tangential
and radial strains resulting from a bolt insertion of 0.45 inches
are shown in Figure III-6. These are compared with calculated
results from the latter two conditions described above. Note
that the level of plastic strain has a pronounced effect on the
calculated radial deformations in the plastic zone with the
higher value correlating more closely with test. It should be
indicated that the hole radial deformation from this test was
0.00333 inch. This deformation was obtained by extrapolating
to the hole edge the tangential strains obtained from strain gages
and multiplying by the hole radius. This consideration makes
the analysis/test comparison even more favorable.

Test results from both strain gages and grid lines for a
0.30 bolt insertion are shown in Figure III-7. Analysis results
are superimposed for comparison. The calculated hole deformation
was 0.00214 inch; in comparison to 0.00202 inch obtained by
extrapolating both the grid line and strain gage data as in the
case for 0.45 insertion.

After performing the above described analyses and viewing
the analyses/test comparisons, the analytical approach was
deemed qualified to predict trends which was the objective of
the production conditions.

16
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Note: Radial strains are compressive;
tangential strains are tensile.
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SECTION IV

DISCUSSION OF PRODUCTION CONDITIONS

The analysis subject for the production conditions was a
rectangular plate measuring five by eight inches of 0.10 inch
gage. Two finite element representations were used because of
the two bolt hole sizes. Figure IV-1 shows the representation
used for the plate with the 3/8 inch diameter hole and
Figure IV-2 shows the representation used for the plate with
the 1/4 inch diameter hole. One fourth of the plate is included
in the representations which takes advantage of the double
symmetry condition. The plate was constrained against longitu-
dinal translation by fixing those longitudinal coordinates along
the centerline which forms the bottom edge of the quadrant in
Figures IV-1l and IV-2, Lateral translation was constrained
along the centerline forming the left edge of the quadrant in
the subject figures.

The one element per 15 degree arrangement which proved
satisfactory in Section III was reused in this representation.
Also, the aspect ratio of the quadrilateral elements surrounding
the hole are essentially unchanged. These dimensions were
selected because the resulting stresses and strains are nearly
the same as in an infinite plate, yet the plate lends itself to
modeling with finite elements. Also, the dimensions will allow
economical testing by any interested individual.

Because of the voluminous nature of the analyses results,
they are presented in the appendices. The presented data con-
sists of stresses and strains in numerical and contour form,
both prepared by the Stromberg-Carlson 4020 plotter. The
numerical form consists of printing the numerical level of the
stress or strain on each finite element in the representation.
The contours consist of isolines which represent constant levels
of stress or strain. Because the highest stress and strain levels
and gradients occur in the vicinity of the fastener only that
region adjacent to the fastener is included in the plots. For
the plate with the 3/8 inch hole, a region extending from the
hole edge to a radial distance of 1.442 inches from the hole
center is included for the plots. This region is illustrated
in Figures IV-1 and IV-3, the latter of which identifies the
finite elements by number. The region of the plate surrounding
the 1/4 inch hole measures 0.866 inch radially from the hole
center and is illustrated in Figures IV-2 and IV-4.
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A total of thirty-six conditions have been analyzed, twelve
each for aluminum, titanium and steel. For all cases a steel
bolt was used., The conditions are defined and numbered for the
aluminum plate in Table IV-1, 1In the table, the diametral inter-
ference is total, being the sum of change in diameter of the bolt
and plate due to the interference,

The condition numbers for titanium and steel are the same
as aluminum except that the letter designation is changed to '"T"
and "S", respectively. Also, ‘a uniaxial load of 50 percent of
gross area yield was used for the titanium plate at the lower
levels of interference fit in lieu of the 70 percent because the
latter was sufficient to cause separation of the bolt and plate.

The applied uniaxial load was measured as a percent of that
gross area stress which would cause yielding to occur in a plate
without a hole. The yield point was defined as 50,000 psi stress
for aluminum, 210,000 psi stress for steel and 130,000 psi stress
for titanium. For all plates, the uniaxial load was applied in
a direction parallel to the longitudinal axis and distributed
evenly as an edge force along the width,

The uniaxial stress-strain curves used for aluminum and steel
are shown in Figures IV-5 and IV-6, respectively. The uniaxial
stress-strain curve used for titanium was taken from Reference 4,
page 5-85. The value of Poisson's ratio used for each of the
three materials was 0,33 for aluminum, 0.31 for titanium, and
0.32 for steel, These values were all obtained from Reference 4,
pages 3-44, 5-75, and 2-12, respectively.

The plate hole deformations as a result of the interference
fit and applied uniaxial load are computed as a part of the
analysis. These deformations are shown in Tables IV-2, IV-3
and IV-4 for the aluminum, titanium and steel conditioms,
respectively., The grid points at which the deformations were
calculated are illustrated in Figure IV-7,

Appendices I, II and III present the results for the

aluminum, titanium and steel plates, respectively. Following
the appendices is an index of figures for the appendix contents.
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Table IV-1 Definition of Analysis Conditions
for Aluminum Plate
Condition Hole Diametral Uniaxial
Number* Diameter Interference Load
(Inches) (Inches) (Percent of Yield)
Al 3/8 0.00375 0
A2 3/8 | 0.00375 35
A3 3/8 ~0.00375 70%%
A4 3/8 é 0.00750 0
A5 3/8 % 0.00750 35
A6 3/8 % 0.00750 70
A7 1/4 0.00250 0
A8 | 1/4 . 0.00250 35
A9 ? 1/4 0.00250 70%%
Al0 ; 1/4 0.00500 0
All 1/4 0.00500 35
Al2 i 1/4 0.00500 70

* The numerical part of the condition number is the same
for all materials; the letter part is "A" for aluminum,
"'s'" for steel and ''T" for titanium,

** A uniaxial load of 50 percent was used for this condition
for the titanium plate because at the 70 percent level
the plate separated from the bolt.
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Typical Compression Stress-Strain Curve
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Figure IV-



